A UTOIMMUNE RETINOPATHY (AIR) was first recognized as a paraneoplastic disorder as early as 1976 in patients with carcinoma, 1 and subsequent studies in the literature showed that AIR could occur with benign 2 and malignant 3 tumors. Melanoma-associated retinopathy (MAR) was initially reported by Gass 4 in an atypical case with vitelliruptivelike yellow retinal lesions, but most MAR cases have diffuse retinal atrophy without pigment deposits. A broader view of 51 cases of MAR was published by Keltner et al 5 summarizing many of the features and some of the controversies. Except for 2 case reports of choroidal melanoma, 6, 7 only MAR associated with cutaneous melanomas has been reported. 5 Paraneoplastic development of antiretinal antibodies with resulting retinal disease is an intriguing pathologic process and remains poorly understood. There have been reports of retinopathies associated with carcinomas, 1 melanomas, 8 tetratomas, 2 and even lymphomas. 9 Most cases of AIR occur in patients without a history of tumors, but occasionally a history of head trauma or preceding intraocular inflammatory disease may be found. [10] [11] [12] Investigations of cancer-associated retinopathy (CAR) have found that the tumors in these patients aberrantly express proteins normally exclusive to retinal tissue, leading to the production of antibodies directed against these retinal antigens. 13 There are no reports in which primary melanomas have been examined to investigate the presence of retinal proteins, although melanoma cell cultures have demonstrated their presence. 14 The antiretinal antibodies in patients with MAR are associated with progressive panretinal degeneration that frequently results in legal blindness. 15 Patients' early symptoms typically manifest as sparkles and shimmers (photopsias) and blind spots in their vision. 16 On clinical examination, early stages of retinopathy may be difficult to see clinically, but an electroretinogram (ERG) (a standardized evoked response that measures photoreceptor and inner retinal responses) will clearly show retinal dysfunction and aids in diagnosis of this condition with otherwise minimal retinal changes. 17 Conventional confirmatory evidence for MAR has included examination of serum for antiretinal antibodies by Western blot or measurement of antibody staining of donor retina, particularly bipolar cells, by indirect immunohistologic studies. 18 However, there has been controversy about the best diagnostic tests, with data suggesting that Western blots may be unreliable for detecting antiretinal antibodies in patients with MAR. 8 Milam et al 8 recommended indirect immunohistologic investigations for retinal inner nuclear layer bipolar cell staining as a reliable technique for confirming MAR. To date, no studies have been performed in patients with MAR comparing Western blot with indirect immunohistologic detection of antiretinal antibodies. In addition, the specific antibodies (and their antigenic retinal proteins) involved in MAR have not been systemically examined. We investigated 11 patients with MAR who were initially seen with visual loss and photopsias and who underwent clinical examinations, electrophysiological and psychophysical testing, Western blots, indirect immunohistologic investigations, and proteomic analysis to identify the antigenic retinal proteins. Careful family histories were taken for autoimmune disorders to clarify the genetic autoimmune backgrounds of patients with MAR.
METHODS

CLINICAL EXAMINATIONS
Eleven patients with histories of melanoma and subsequent retinopathies of unknown origins and 8 patients with CAR and AIR (included for comparison) were examined at the retinal dystrophy clinic at the Kellogg Eye Center, University of Michigan, Ann Arbor. The patients were evaluated using standardized kinetic visual fields, electroretinographic testing, fundus photography, and clinical examinations. Serum samples were obtained after informed consent and were stored at −80°C until studied. As control subjects, 9 healthy volunteers with normal ERGs and no family history of autoimmune diseases were recruited. Informed consent was obtained from all patients and control subjects. The experimental protocol was approved by the University of Michigan institutional review board.
2-DIMENSIONAL ELECTROPHORESIS WESTERN BLOT ANALYSIS
Reagents and materials were obtained (from GE Healthcare, Uppsala, Sweden, unless otherwise indicated) for 2-dimensional electrophoresis experiments. Recent postmortem normal human retina (Michigan Eye Bank, Ann Arbor) was lysed (CelLytic MT, 5mM Tris[2-carboxyethyl]phosphine hydrochloride), 1% protease inhibitor cocktail [Sigma-Aldrich, St Louis, Missouri]) and centrifuged at 10 000g for 10 minutes at 4°C, and the supernatant was pooled. Protein (300 µg) was precipitated from the lysate (Amersham Clean-Up Kit, GE Healthcare). The pellets were incubated for 60 minutes at 30°C in 220 µL of isoelectric focusing rehydration buffer (7M urea, 2M thiourea, 1% amidosulfobetaine 14, 1% Triton X-100, 1% 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonic acid, and 1% immobilized pH gradient buffer). The solubilized protein was loaded overnight onto 11-cm (pH 3-10) immobilized pH gradient strips using active rehydration at 50 V. Isoelectrofocusing was performed at 40 000 V/h using isoelectric focusing Cell (BioRad Industries, Hercules, California). The focused IPG strips were equilibrated in buffers containing sodium dodecyl sulfate (SDS)-Tris (2-carboxyethyl)phosphine hydrochloride and SDSiodoacetamide. The second-dimension gels were run on 4% to 12% acrylamide Bis-Tris gels (BioRad Industries). After electrophoresis, duplicate gels were inmmunoblotted or stained with SYPRO Ruby (Molecular Probes, Eugene, Oregon). Separated proteins were transferred onto nitrocellulose membranes and incubated with serum from patients having MAR and with horseradish peroxidase-conjugated mouse antihuman immunoglobulin as a secondary antibody. Immunoreactive spots on each membrane were compared visually and by using a computerized system. Each of the spots was matched to an equivalent spot on staining gels.
IN GEL ENZYME DIGESTION AND MASS SPECTROMETRY
Spots from 2-dimensional electrophoresis-stained gels were excised and in gel digested (Trypsin Gold; Promega, Madison, Wisconsin). Peptides were extracted from the gel plugs in 30 µL of 2% acetonitrile, 1% formic acid. Five microliters of alphacyano-4-hydroxycinnaminic acid (5 mg/mL in 50% acetonitrile, 0.1% trifluoroacetic acid [TFA] , and 2mM ammonium citrate) matrix was added to the digested peptides. The extracts were evaporated to dryness and then dissolved in 5 µL of 60% acetonitrile, 0.1% TFA. A 0.5-µL volume of this solution was spotted on a 192-well matrix-assisted laser desorption ionization target and allowed to dry.
Mass spectra were acquired using tandem time-of-flight mass spectrometry(4800 Proteomics Analyzer; Applied Biosystems, Foster City, California). Database searching was performed using commercially available software (GPS Explorer version 3.6, with Mascot version 2.1 against International Protein Index human version 3.32 using the following parameters: 50-ppm mass tolerance, 1 missed cleavage, carbamidomethyl (C) fixed modification, and variable modifications pyroglu (N-term Q) and oxidation (M). Spectra were acquired in tandem mass spectrometry 2-kV-positive mode.
IMMUNOBLOTS AND SDS-POLYACRYLAMIDE GEL ELECTROPHORESIS
Retinal extract (20 µg of proteins), 0.1 µg of aldolase A, 0.1 µg of carbonic anhydrase II (CAII), 0.4 µg of aldolase C, 0.2 µg of recoverin, 0.2 µg of S-arrestin, 0.4 µg of S-transferase (GST) fusion ␣-enolase, and 0.2 µg of heat shock protein 60 (HSP60) were used. Samples were separated on 10% SDS-polyacrylamide gel electrophoresis gels. After electrophoretic run, immunoblot analysis was performed as described previously. We used GST fusion ␣-enolase (Abnova, Taipei, Taiwan) and aldolase A and HSP60 (Sigma-Aldrich). Bovine recombinant recoverin was purified as previously described. 19 Human recombinant CAII was purified as previously described.
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IMMUNOHISTOCHEMISTRY
Frozen sections were obtained from recent postmortem normal human retina (Michigan Eye Bank) embedded in optimum cutting temperature compound (Tissue-Tek; Miles Inc, Elkhart, Indiana). Sections were blocked for nonspecific protein binding with 5% goat serum in a phosphate-buffered saline (PBS) solution at room temperature for 1 hour and then incubated with serum from patients with MAR (dilution, 1:500) overnight at 4°C. After washing with PBS plus 0.2% Triton X-100 (3 times at room temperature for 10 minutes each), the sections were incubated with Alexa Fluor 488-conjugated antigoat IgG secondary antibody (dilution, 1:2000) (Molecular Probes). They were then counterstained with 4Ј,6Ј-diamidino-2-phenylindole (0.3µM) before observation with a fluorescence microscope (Olympus, Tokyo, Japan).
RESULTS
IDENTIFICATION OF RETINAL AUTOANTIBODIES IN SERUM SAMPLES FROM PATIENTS WITH MAR
Proteomic analysis was performed of antigenic retinal proteins identified on Western blots. The identified MAR- related antigenic retinal proteins are the same ones that have been identified in many CARs and AIRs cases, namely, antibodies against recoverin, ␣-enolase, S-arrestin, CAII, and HSP60 10,14,21 ( Figure 1 and Table 1 ). We found 2 new antigenic retinal proteins on Western blots (aldolase C and aldolase A), which have not been reported in MAR, CAR, or AIR, to our knowledge. Immunoblot analysis of serum samples from patients with MAR using human, mouse, or bovine retinal extract, as well as purified proteins, found autoantibodies to recoverin (2 of 11), CAII (2 of 11), S-arrestin (3 of 11), ␣-enolase (5 of 11), aldolase A (2 of 11), aldolase C (4 of 11), and HSP60 (11 of 11). Immunoblot analysis of 8 serum samples from patients with CAR and 9 control serum samples using purified proteins was also performed for comparison. Antibodies to recoverin (1 of 8), S-arrestin (1 of 8), aldolase A (1 of 8), and HSP60 (7 of 8) were identified in serum samples from patients with CAR, while antibodies to CAII, ␣-enolase, and aldolase C were not identified in serum samples from patients with CAR. Antibodies to CAII (1 of 9) and HSP60 (5 of 9) were identified in control serum samples, while antibodies to recoverin, S-arrestin, ␣-enolase, aldolase A, and aldolase C were not identified in control serum samples.
Some serum samples from patients with MAR did not show immunoreactivity on Western blots using solubilized normal retinal proteins, which led to development of the indirect immunohistologic method. 8 Our investigations demonstrated immunoreactivity using both methods, with 9 of 11 patients having positive Western blots, 8 of 11 patients having positive immunohistologic reactivity, and 7 of 11 patients having both. Some patients with MAR have antibodies that are reactive with retinal cells other than bipolar cells, so the usefulness of bipolar cell staining as the sole basis for diagnosing MAR is limited to cases in which it occurs. Inner nuclear layer staining was common in our patients with MAR, but colocalization studies found bipolar cell staining in only 4 of 11 patients, while other inner nuclear layer retinal cells had focal immunoreactivity to patient serum (Figure 2) . More detailed studies will be needed to elucidate the specificity of this immunoreactivity and to investigate other immunologic variables, as a few patients with MAR did not have reactive antiretinal antibodies by this method.
CLINICAL FEATURES OF MAR
To date, except for 2 case reports of choroidal melanoma, 6, 7 only MAR associated with cutaneous melanomas has been reported. 5 We were surprised to find that any form of melanoma may potentially autosensitize the patient and lead to MAR. We examined 11 patients having MAR with the following types of melanoma: cutaneous (6 patients), choroidal tumors (2 patients), flat choroidal nevi (2 patients), and ciliary body (1 patient). Flat choroidal nevi usually are regarded as benign with little malignant potential unless there is demonstrated growth. However, the carcinogenic potential of flat choroidal melanomas seems to differ from their ability to serve as antigenic foci in autoimmune-susceptible individuals. Both of our patients with choroidal nevi (patients 1066 and 3361 in Table 2 ) had central scotomata, antiretinal antibodies, and severe ERG changes similar to the other patients with MAR. These 2 patients also had obvious degeneration of the retina at the margins of the nevi, and patient 1066 showed asymmetry of disease, which was worse in the eye with the large nevus (Figure 3) . Four individuals (patients 322, 1066, 2052, and S49 in Table 2 ) with different forms of melanoma are shown as representative examples in Figure 3 . Clinically, the patients with MAR have similar findings, with rapid onset that included photopsias and loss of vision. Electroretinograms show retinal dysfunction ( Figure 3 ) and aid in diagnosis of this condition with otherwise minimal retinal changes. 17 Patients often have negative electroretinographic waveforms (a-waves and poor b-waves not reaching the isoelectric point) on darkadapted maximal stimulation and central scotomata on visual field testing (Figure 3) . In more advanced cases, patients develop retinal vessel attenuation and areas of diffuse atrophy. Retinal pigmentary changes are absent to minimal. We also found that patients with MAR commonly have personal and family histories of autoimmune disease, suggesting a special susceptibility for the putative retinal antigens released by their melanomas ( Table 2 ). The latency from melanoma diagnosis to recognition of MAR ranged from 6 months to 14 years (median, 2 years) preceding the diagnosis. The trigger that set off the MAR response in the patients with longer latencies is unknown. One particularly intriguing individual with MAR (patient 175) with malignant melanoma of an amputated toe did not manifest MAR until after she had knee surgery in the same leg 5 years after amputation of the toe.
COMMENT
Typically, malignant melanoma is a highly invasive tumor derived from neuroectodermal melanocytes, which share a lineage with retinal cells. 23 The molecular mechanisms underlying the development of MAR are unknown. Investigations of patients with MAR, CAR, and AIR frequently show positive family histories for autoimmune diseases, and many patients have autoimmune genetic templates that increase their susceptibility to autoimmune diseases. 11 Examination of tumors in pa- Table 2 . GCL indicates ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer; PRL, photoreceptor layer; and RPE, retinal pigment epithelium. Arrows indicate staining on the retina.
(REPRINTED) ARCH OPHTHALMOL / VOL 127 (NO. 12), DEC 2009 tients manifesting CAR has demonstrated ectopic expression of retinal antigens, which are recognized as foreign by the immune system and lead to initiation of an immune response. 24 In this study, we identified 7 different antiretinal antibodies in our patients with MAR against S-arrestin, recoverin, ␣-enolase, aldolase A, aldolase C, HSP60, and CAII. We did not have access to the patients' neoplasms to evaluate the presence of retinal proteins in the tumors.
S-arrestin expresses in melanoma cell lines at the messenger RNA level, and autoantibodies against these proteins were detected by SEREX (serological expression of cDNA expression libraries) in the serum of patients with melanoma. 25 Recoverin, a Ca 2ϩ -binding regulatory protein, is present in retinal photoreceptor and bipolar cells 26 and is considered a major antigen involved in the immunologic pathogenesis of CAR. 13 Recoverin is aberrantly expressed in carcinoma 13 and melanoma cells. 14 The function of these proteins in the carcinomas is unknown. In the retina, S-arrestin and recoverin have important roles in phototransduction. 27 Enolase is a ubiquitous enzyme that catalyzes the conversion of 2-phosphoglycerate to phosphoenolpyruvate and generates adenosine triphosphate in glycolysis. 28 ␣-Enolase was found to be present in central nervous system neurons 28 and in human A375 melanoma cells. 29 Autoantibodies against ␣-enolase are often associated with progressive visual loss in patients with CAR and noncancer (nonparaneoplastic) AIR; results of studies 21, 30 suggest that they have a pathologic role in retinopathy. Anti-␣-enolase autoantibodies have been shown to have a role not only in systemic and invasive autoimmune disorders 31 but also in some cancerous diseases. 32 To our knowledge, this is the first report that serum from patients with MAR commonly (5 of 11) contains anti-␣-enolase antibodies. The present study confirms that autoantibodies against S-arrestin, recoverin, ␣-enolase, and CAII occur in many patients with MAR. 33 Anti-HSP60 antibody was found in patients with MAR and in control serum samples.
Aldolase is a glycolytic enzyme that catalyzes the reversible conversion of fructose-1,6-bisphosphate to glyceraldehyde 3-phosphate and dihydroxyacetone phosphate. The following 3 isozymes of aldolase occur in vertebrates: aldolase A (the major form in muscle), 34 aldolase B in liver, 35 and aldolase C together with aldolase A in brain. 34, 36 Because aldolase A and aldolase C are of brain origin, the presence of circulating anti-aldolase A and anti-aldolase C autoantibody should serve as an indicator of blood-retinal barrier damage in patients with MAR. Aldolase C is expressed in the ganglion cell layer and inner nuclear layer in retina 37 and in melanoma tissue. 38 The role of aldolase A and aldolase C in retina is unknown at this time. Anti-aldolase A antibodies have been found in other diseases such as rheumatoid arthritis 34 and Alzheimer disease, 39 while antialdolase C antibodies that cross-reacted with aldolase A have been found in diabetic retinopathy. 40 In the present study, we found a high prevalence of antialdolase antibody in patients with MAR. Cancer or melanoma cells are characterized by a high rate of glycolysis, which is their primary energy source. Therefore, the antialdolase antibody level in patients with MAR might be a marker for the progression of melanoma. However, a pathologic role for aldolase antibodies has not yet been elucidated.
In summary, we identified 7 retinal proteins that are immunoreactive with the serum of patients with MAR. Preliminary evidence suggests that, if present, antibodies to aldolase A and aldolase C may prove to be useful markers of MAR, and several (antirecoverin and ␣-enolase antibodies) are valuable as specific markers of AIR. The reliability of each antigen or a combination of them for diagnostic or prognostic evaluation has to be determined by studies that will correlate the presence a Percentage of mean normal (age 20-60 years) was used as a reference to grade the severity of dysfunction. Negative indicates a negative waveform in which the b-wave does not return to the isoelectric baseline, and near negative indicates that the b-wave generated is marginally above the isoelectric baseline.
b Plus sign indicates presence.
(REPRINTED) ARCH OPHTHALMOL / VOL 127 (NO. 12), DEC 2009 or absence of these markers with clinical data. The diversity of autoantibodies produced in MAR may be the consequence of varied overexpression among retinal proteins involved in melanoma tumor development, as well as among these patients' propensity to develop autoimmune autoantibodies. 14 In general, AIR is treatable with immunosuppression therapies, 11, 18 but no standardized protocols have been established. In addition, it is unknown whether the antibodies that develop in patients with MAR may have a therapeutic role in retarding tumor growth. Table 2 ) had a cutaneous melanoma excised 2 years before developing pericentral scotomata. She was initially seen with generalized retinal atrophy demonstrating no pigment deposits and with rod-cone dysfunction on an electroretinogram (ERG) showing a negative waveform. B, A 73-year-old man (patient S49) had a choroidal melanoma in the right eye requiring enucleation. His remaining eye developed a scotoma 15 months later. Examination showed generalized atrophy of the retina, cone-rod dysfunction on an ERG, and an almost negative waveform. C, A 58-year-old man (patient 322) with a 2-month history of scotomata was found to have a ciliary body mass in the right eye and an overlying conjunctival sentinel vessel. He had generalized depigmented fundus with focal pigment deposits, central scotomata in the right eye, and partial ring scotomata in both eyes. His ERG showed severe cone-rod dysfunction and negative waveforms. The ciliary mass completely regressed over 4 months without treatment, and visual function stabilized in both eyes. D, An 88-year-old man (patient 1066) had progressive deterioration of central and night vision over 10 months, with a large choroidal nevus (7.5-mm wide and 1-mm thick) and surrounding chorioretinal atrophy in the right eye. He had preexisting dry age-related macular degeneration in both eyes with central visual field loss far greater than the area of macular degeneration. Visual fields were asymmetric, with severe loss in the eye with the nevus. The ERG was nonrecordable in the right eye, and his left eye had cone-rod dysfunction with a negative waveform. E, A 40-year-old woman with no ophthalmic disease and with normal retinal appearance underwent visual field tests and an ERG.
